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In nature, proteins play a significant role in biomineral formation. One of the ultimate goals of bioinspired
materials science is to develop highly stable synthetic molecules that mimic the function of these natural
proteins by controlling crystal formation. Here, we demonstrate that both themorphology and the degree of
acceleration or inhibition observed during growth of calcite in the presence of peptoids can be rationally
tuned by balancing the electrostatic and hydrophobic interactions, with hydrophobic interactions playing
the dominant role.While either strong electrostatic or hydrophobic interactions inhibit growth and reduces
expression of the {104} faces, correlations between peptoid-crystal binding energies and observed changes in
calcite growth indicate moderate electrostatic interactions allow peptoids to weakly adsorb while moderate
hydrophobic interactions cause disruption of surface-adsorbed water layers, leading to growth acceleration
with retained expression of the {104} faces. This study provides fundamental principles for designing
peptoids as crystallization promoters, and offers a straightforward screening method based onmacroscopic
crystal morphology. Because peptoids are sequence-specific, highly stable, and easily synthesized,
peptoid-enhanced crystallization offers a broad range of potential applications.
B
iominerals are composed of primarily inorganic minerals and tiny amounts of organic molecules, such as
proteins1. They perform key functions ranging frommechanical support to self-protection2–4. In numerous
cases, acidic proteins have been shown to play a critical role in the nucleation, growth and assembly of the
mineral components4–6. Calcium carbonate (CaCO3) is an abundant and important biomineral in nature, in part
because the vast deposits of CaCO3 biominerals produced by marine organisms constitute the largest and most
ancient terrestrial reservoir of CO23,7,8. Proteins commonly presented in natural CaCO3 biominerals are unusually
acidic, and many of these acidic proteins, such as Asprich, are amphiphilic6. Inspired by protein-directed CaCO3
formation, many efforts have been made to develop synthetic analogs to mimic natural proteins for controlling
crystal formation5,9. For example, synthetic short-chain peptides promote CaCO3 nucleation and growth in the
absence of any biological context10. However, application of synthetic protein- and peptide-based materials is
problematic, because they exhibit poor stability against thermal and chemical degradation11,12. To address this
problem, we recently developed a class of non-natural polymers called peptoids that were able to successfully
mimic proteins and peptides by providing control over calcite morphology and unprecedented levels of calcite
growth rate acceleration at nanomolar concentrations13.
Peptoids, or poly-N-substituted glycines, were developed to mimic both the structures and functionalities of
polypeptides, and bridge the gap between biopolymers and traditional synthetic polymers14. In contrast to
peptides and proteins, sequence-specific peptoids can be efficiently and cheaply synthesized15 and exhibit much
higher protease stability12 and structural stability11,16. The high degree of control over calcitemorphology achieved
by peptoids in our previous study indicates they are capable of strongly interacting with calcite surfaces to
influence nucleation and growth13. In that study, we briefly explored how different peptoid designs, such as
the variation of phenethylamine substitution, influence calcite morphology13. Measurements of calcite growth
rates suggested that only certain peptoids accelerate growth, though exactly which design elements are required
was unclear13. A systematic investigation of the relationship between peptoid design and control over calcite
morphology and growth rate is required to understand the underlying mechanisms of control and to develop
general design principles for biomimetic polymers that can act as crystallization promoters for a broad range of
industrial applications.
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In this article, we report a systematic study of peptoid-induced
controls over calcite morphology carried out by rationally tuning the
peptoid chemical characteristics, such as the strength and balance of
electrostatic and hydrophobic interactions. As summarized in
Table 1, the observed dependence of morphology on design shows
that the balance between hydrophobic and electrostatic interactions
between peptoids and crystal surfaces is important, but hydrophobic
interactions play the dominant role. A level of hydrophobicity that
leads to moderate peptoid-calcite surface interactions is a critical
feature of peptoids that accelerate calcite growth. Moreover,
diblock-like peptoids are better candidates for accelerating calcite
growth rates than are peptoids in which the hydrophobic and hydro-
philic residues are distributed throughout. However, beyond a cer-
tain limit, increasing either the electrostatic or hydrophobic
interactions reduces the formation of calcite {104} faces to a degree
that scales with peptoid concentration. Measurements of peptoid-
Table 1 | Summary of peptoid designs and corresponding reduction in expression of the {104} faces, acceleration of step speed on the {104}
faces, and strength of the hydrophobic and electrostatic interactions as determined by HPLC retention time t (mins) and number of peptoid
carboxyl groups (n), respectively. Nce: N-(2-carboxyethyl)glycine, NXpe: N-[2-(X-phenethyl)]glycine, Nab: N-(4-aminobutyl)glycine. v:
step velocity with peptoid, v0: step velocity without peptoid
Peptoids
Different reduction of calcite
(104) face formation
induced by 51 mM peptoids
Maximum growth acceleration (v/v0) of
two different steps (v1 and v2) at lower
peptoid concentration
Strength of hydrophobic and electrostatic
interactions as determined by HPLC
retention time t (mins) and number of peptoid
carboxyl groups (n), respectively.
(Nce)6(NXpe)4(Nce)6
Pep-1: X 5 2,4-dichloro;
Pep-2: X 5 4-bormo;
Pep-3: X 5 4-chloro;
Pep-4: X 5 4-hydrogen;
Pep-5:X 5 3,4-dimethoxy
N/A Pep-1 (t: 18.7, n: 12);
Pep-2 (t: 17.0, n: 12);
Pep-3 (t: 16.5, n: 12);
Pep-4 (t: 13.9, n: 12);
Pep-5 (t: 11.9, n: 12).
(NXpe)4(Nce)12
Pep-6: X 5 2,4-dichloro;
Pep-7: X 5 4-bormo;
Pep-8: X 5 4-chloro;
Pep-9: X 5 4-hydrogen;
Pep-10:X 5 3,4-dimethoxy
N/A
Pep-8: v1/v0: 7.0; v2/v0: 7.6 (250 nM);
Pep-9: v1/v0: 29.5; v2/v0: 22.4 (1000 nM)
N/A
Pep-6 (t: 19.6, n: 12);
Pep-7 (t: 18.1, n: 12);
Pep-8 (t: 17.4, n: 12);
Pep-9 (t: 14.5, n: 12);
Pep-10 (t: 12.4, n: 12)
(NXpe)4(Nab)4(Nce)n
X 5 2,4-dichloro
Pep-11: n 5 12;
Pep-12: n 5 8;
Pep-13: n 5 4
N/A Pep-11 (t: 16.9, n: 12);
Pep-12 (t: 17.1, n: 8);
Pep-13 (t: 17.3, n: 4)
(NXpe)4(Nce)8
Pep-14:X 5 4-hydrogen;
Pep-15:X 5 4-chloro
Pep-14: v1/v0: 22.3; v2/v0: 21.5
(50 nM); Pep-15: v1/v0:10; v2/v0:
17 (100 nM)
Pep-14 (t: 14.7, n: 8);
Pep-15 (t: 17.8, n: 8)
Pep-16: (NXpe)3(Nce)9
Pep-17: (NXpe)5(Nce)7
Pep-18: (NXpe)6(Nce)6
X 5 4-chloro
N/A Pep-16 (t: 15.5, n: 9);
Pep-17 (t: 20.4, n: 7);
Pep-18 (t: 22.3, n: 6)
Pep-19: (NXpe)2(Nce)10
Pep-20: (NXpe)3(Nce)9
Pep-21: (NXpe)4(Nce)8
Pep-22: (NXpe)5(Nce)7
X 5 2,4-dichloro
N/A Pep-19 (t: N/A, n: 10);
Pep-20 (t: N/A, n: 9);
Pep-21 (t: 20.0, n: 8);
Pep-22 (t: N/A, n: 7).
Pep-23 (X:2,4-dichloro)
(Nab)4(NXpe)4(Nce)4
N/A N/A
Pep-24 (NXpe)4(Nce)8 (X: 4-
bormo); Pep-25 (NXpe)2(Nce)10
(X: 4-hydrogen)
Pep-24: v1/v0: 3.3; v2/v0: 3.9
(500 nM);
Pep-25: v1/v0: 2.5; v2/v0: 3.5
(250 nM)
Pep-24 (t: 18.3, n: 8);
Pep-25 (t: 9.3, n: 10)
(NXpe)4(Nce)8
Pep-26 (X:4-Ethyl)
Pep-27 (X:4-Methoxy)
Pep-28: (NceNXpe)6 (X: 4-
hydrogen)
Pep-26
N/A
Pep-26: v1/v0: 2.9; v2/v0: 3.9
(1000 nM); Pep-27: v1/v0: 8.0;
v2/v0: 24.7 (250 nM); Pep-28:
v1/v0 and v2/v0: less than 1.3
(20–800 nM)
Pep-26 (t: 18.7, n: 8);
Pep-27 (t: 14.1, n: 8);
Pep-28 (t: 16.0, n: 6).
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calcite binding affinities show that peptoids exhibiting stronger bind-
ing to calcite {104} faces and steps were less effective at accelerating
calcite growth. Taken together, these observations imply disruption
of surface-adsorbed ordered water layers presents the most likely
mechanism for peptoid-promoted calcite growth, while strong pep-
toid-crystal binding is responsible for growth inhibition and mor-
phological control.
Results and discussion
Peptoid design. Extensive experimental and theoretical studies
suggest that protein sequence, protein charge and protein
hydrophobicity are key features that significantly influence calcite
morphology and promotion of growth3,10,17. For example, when a
protein becomes too hydrophilic, its binding to a crystal surface
becomes too strong, and inhibition of crystallization will usually
occur rather than promotion of nucleation and growth18. Thus the
balance between hydrophobic and hydrophilic groups was an impor-
tant parameter employed in designing peptoids for this research
(Table 1). To vary this balance, we designed and synthesized
peptoids using the hydrophilic monomer N-(2-carboxyethyl)
glycine (Nce) to mimic the aspartic or glutamic amino acids, and
various substituted N-(2-phenylethyl)glycines (NXpe) to mimic
hydrophobic amino acids. Because we found previously that the
variation of the aromatic substituents caused dramatic differences
in calcite morphology13, in this study, we used a series of substituents
to systematically tune peptoid hydrophobicity. We designed and
synthesized 28 peptoids (Figure 1, Table 1) by varying: 1) the
overall peptoid hydrophobicity through changes in the aromatic
substituent (X) and the number of hydrophobic groups (NXpe); 2)
the ability to bind to CaCO3 through the number of carboxylic acid
groups; 3) the ratio of hydrophobic to hydrophilic groups; and 4) the
position of the hydrophobic groups. All of these peptoids were
synthesized on an automated robotic synthesizer using solid-phase
submonomer cycles as described previously15.
Controls on calcite morphology. To test if peptoids synthesized in
Figure 1 are effective for controlling calcite morphology, we per-
formed CaCO3 mineralization experiments within a sealed
desiccator by slow diffusion of CO2 and ammonia vapor19 into a
solution containing aqueous CaCl2 and peptoids. We found these
peptoids were able to dramatically alter calcite morphology, and the
effects were highly sequence dependent.
The influence of substituents in the hydrophobic group: hydro-
phobic interactions. To investigate how different substituents (X)
influence growthmorphology, 16-mer peptoid analogs Pep-1 to Pep-
5 (Figure 1a) containing 12 Nce and four NXpe were synthesized. As
shown in Figure 2, these five peptoids exhibit different
hydrophobicities; Pep-1 (X 5 2,4-dichloro) gives the highest
hydrophobicity while Pep-5 (X 5 3,4-dimethoxy) has the lowest
hydrophobicity. These peptoids exhibit tunable hydrophobicities in
the order Pep-1 (X5 2,4-dichloro). Pep-2 (X5 4-bromo). Pep-3
(X 5 4-chloro) . Pep-4 (X 5 4-hydrogen) . Pep-5 (X 5 3,4-
dimethoxy). Interestingly, although all five are structurally similar,
they differed in the degree to which they reduced the formation of the
calcite {104} faces. Calcite morphologies obtained in the presence of
51 mM peptoid solutions varied from elongated crystals with
multiple facets and pseudo-facets to twisted triangular prisms.
Pep-2, Pep-3, Pep-4 and Pep-5 all gave calcite crystals elongated
along the [001] direction with three adjacent {104} faces at each
terminus of a spindle. A close examination of the elongated
crystals indicates that these four peptoids exhibited different
influences on the expression of the {104} faces and growth in the
[001] direction. Pep-2 gave the greatest reduction in the formation of
the {104} faces, resulting in crystals with the greatest length in the
[001] direction. The twisted triangle prism calcite induced by the
most hydrophobic peptoid Pep-1 show almost no {104} faces
(Figure 2a), though the morphology still reflected three-fold
symmetry along the (001) axis.
When the four NXpe groups were moved to the N-terminal, the
resulting peptoid analogs Pep-6 to Pep-10 exhibited a similar order
of hydrophobicity depending on the choice of substituent X
(Figures 3 and S2). These peptoids induced formation of calcite
morphologies that varied from elongated crystals to twisted triangle
prisms to spherulites (Figure 3). Calcite crystals with spherulitic
shapes were induced by peptoids Pep-6 (X 5 2,4-dichloro) and
Figure 1 | Structures of 28 peptoids built by varying: 1) the overall peptoid hydrophobicity by (i) varying the aromatic substituent (X) (a, b and d)
and (ii) varying the number of hydrophobic groups (d and e), 2) the ability to bind to calcium carbonate through the number of carboxylic acid groups
(c, d and e), 3) the ratio of hydrophobic groups to hydrophilic groups (e), and 4) the position of the hydrophobic groups, either as a single block in the
N-terminal (b, c and d), in the middle (a and f), or interspersed with the carboxylic acid groups (g).
www.nature.com/scientificreports
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Pep-7 (X 5 4-bromo), while the less hydrophobic Pep-9 (X 5 4-
hydrogen) and Pep-10 (X 5 3,4-dimethoxy) caused the formation of
calcite crystals exhibiting elongated morphology with significantly
greater expression of the {104} faces. Pep-8, which is intermediate in
hydrophobicity, produced twisted triangle prisms. All these results
show that more hydrophobic peptoids exhibit greater reduction in
the formation of the {104} faces. A similar conclusion was reached by
comparing morphologies obtained using peptoids with hydrophobic
groups in varying positions, either as a single block in the N-terminal
or in the middle. As shown in Figures 2c and 3c, because Pep-8, with
four NClpe groups in the N-terminal, has higher hydrophobicity
than does Pep-3, with four NClpe groups located in the middle,
Pep-8 induced the formation of twisted triangle prisms exhibiting
almost no {104} faces, while crystals grown in the presence of Pep-3
exhibit significant {104} faces at both ends of the spindle. Similar
results were also obtained by using Pep-2 and Pep-7 (Figures 2b, 3b
and S3).
Although it remains a challenge to determine precisely how pep-
toids interact with crystal surfaces, these morphological changes
clearly show that the degree to which formation of the {104} faces
Figure 2 | Calcite crystal morphologies induced by 51 mM peptoids solutions of: (a) Pep-1 [the inserts are a SEM image and a schematic view of the
twisted triangle prism calcite crystal], (b) Pep-2, (c) Pep-3 [the insert is a schematic view of the rhombohedral calcite crystal], (d) Pep-4 and (e) Pep-5. (f)
Reverse phase HPLC data shows the relative peptoid hydrophobicities, where longer retention time indicates higher hydrophobicity (5–95% CH3CN in
H2O at 1 mL/min flow rate; detailed HPLC conditions are provided in the Supporting Information).
Figure 3 | (a–e) Calcite crystal morphologies induced by 51 mM peptoid solutions of: (a) Pep-6, (b) Pep-7, (c) Pep-8, (d) Pep-9 and (e) Pep-10.
(f) Reverse phase HPLC data shows the relative peptoid hydrophobicities, where longer retention time indicates higher hydrophobicity (5–95% CH3CN
in H2O at 1 mL/min flow rate; detailed HPLC conditions are provided in the Supporting Information).
www.nature.com/scientificreports
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is reduced increases with greater peptoid hydrophobicity. Because
carboxylic acid groups, such as those in propionic acid or acetic acid,
have pKas , 5.020, and the pH value of the crystallization solutions
from the (NH4)2CO3 diffusion method is .8.521,22, these peptoids
predominantly adopt carboxylate form during CaCO3 mineraliza-
tion, exhibiting both electrostatic and hydrophobic interactions with
crystal surfaces. Therefore, structurally similar peptoids having the
same number of carboxylic acid groups are expected to exhibit sim-
ilar electrostatic interactions with crystal surfaces. Thus the differ-
ences in the degree to which these peptoids reduce the expression of
the {104} faces are due to the variations in hydrophobic interactions.
Nonetheless, the level of hydrophobicity alone is not the single deter-
mining factor. Although Pep-1 is slightly more hydrophobic than
Pep-7, crystals grown in the presence of Pep-7 exhibits a higher
degree of shape modification than does Pep-1 (Figures 2a, 3b and
S3), which shows that monomer sequence, rather than hydrophobi-
city alone, can also influence the overall reduction in the formation of
{104} faces. These results show that varying the substituent (X) in the
hydrophobic groups is an effective way to tune peptoid-calcite inter-
actions to achieve morphological control, but these controls can be
modulated by the choice of monomer sequence.
The influence of the number of carboxylic acid groups: electro-
static interactions. To investigate the influence of the number of
carboxylic acid groups on calcite morphology, calcite growth in the
presence of a series of peptoids with varying numbers of carboxylic
acid groups was explored. As shown in Figure 4, Pep-11, with the
largest number of carboxylic acid groups, exhibited the greatest
reduction expression of the {104} faces and formed spherulitic
crystals. Pep-13, which has the smallest number of carboxylic acid
groups, produced the largest {104} faces, with the crystals typically
exhibiting a truncated rhombohedral morphology (Figure 4c). Pep-
12, with an intermediate number of carboxylic acid groups, induced
formation of spindles exhibiting minor {104} faces (Figures 4 and
S4). Because Pep-11, Pep-12 and Pep-13 have the same hydrophobic
domains, they are expected to exhibit similar hydrophobic
interactions with the crystal surfaces. This implies the differences
in the degree to which formation of the {104} faces is reduced
across this series of peptoids are determined by the interactions of
the carboxyl groups with the crystals. Because all carboxyl groups of
peptoids are deprotonated under (NH4)2CO3 diffusion-induced
crystallization conditions21,22, they interact with calcite surface
through electrostatic interactions10,22. Therefore, we conclude that
peptoids with larger numbers of carboxyl groups exhibit greater
electrostatic interactions, and the differences in electrostatic
interactions cause the different levels of reduction. Similar results
were also observed when other peptoids with varying numbers of
carboxyl groups were used (Figure S5).
The competition between hydrophobic and electrostatic interac-
tions. From the above discussions, it is clear that both electrostatic
and hydrophobic interactions exert important influences on calcite
morphology. Peptoids became more effective at reducing {104} face
formation when either the number of carboxyl groups was increased
or substituents that aremore hydrophobic were introduced. To know
which of these two interactions plays the predominant role in
inhibiting {104} face formation and altering morphology, a small
library of 12-mer peptoids with varying ratios of hydrophobic
group (nNClpe) to carboxyl group (nNce) were used (Figures 5 and
S6). When nNClpe/nNce 5 153, the resulting Pep-16 has the least
hydrophobicity (Figure 5f) and the largest number of carboxyl
groups. Crystals grown with this peptoid have obvious {104} faces
(Figure 5a). In contrast, Pep-18 (nNClpe/nNce 5 151), which has the
highest hydrophobicity and the smallest number of carboxylic acid
groups, induced formation of calcite crystals exhibiting almost no
{104} faces (Figure 5d). These results suggest that hydrophobic
interactions are more important than electrostatic interactions in
reducing the formation of the {104} faces. This trend was also
observed when comparing calcite crystal morphologies produced
by Pep-15 (nNClpe/nNce 5 152) and Pep-17 (nNClpe/nNce 5 557)
(Figures 5b and 5c). To further test this conclusion, we designed
another library of 12-mer peptoids by using N-2-[(2,4-dichlorophenyl)
ethyl]glycine (N2Clpe) as the hydrophobic monomers and Nce as the
hydrophilic monomers and varying the ratio of hydrophobic groups
(nN2Clpe) to carboxylic acid groups (nNce) (Figure 6). As expected, Pep-
19 with the smallest ratio (nN2Clpe/nNce 5 155) induced the formation
Figure 4 | (a–c) Calcite crystal morphologies induced by 51 mM peptoid solutions of: (a) Pep-11, (b) Pep-12 and (c) Pep-13. Peptoids with a larger
number of carboxyl groups exhibit stronger reduction in the expression of the {104} faces. (d) Reverse phase HPLC data shows the relative
hydrophobicities, where longer retention time indicates higher hydrophobicity (5–95%CH3CN inH2O at 1 mL/min flow rate; detailedHPLC conditions
are provided in the Supporting Information). (e) Structures of peptoids Pep-11, Pep-12 and Pep-13.
www.nature.com/scientificreports
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of calcite crystals with the largest {104} faces (Figure 6a), confirming
that the hydrophobic interaction dominates the electrostatic
interaction in reducing formation of the {104} faces.
The influence of peptoid concentration. Previous studies by us as
well as others showed that additive-surface interactions are highly
concentration dependent10,13,23. To test the hypothesis that peptoid
concentration significantly influences expression of the {104} faces,
we varied the concentrations of selected peptoids. As shown in
Figure 7a, 51 mM solutions of Pep-23 induced formation of calcite
crystals exhibiting a unique morphology with truncated corners and
edges of regular rhombohedra. These truncated faces can be assigned
to (110) and (01l) faces; calcite crystals with similar faces have been
obtained using peptides24 and natural proteins25. When the Pep-23
concentration was increased to 146 mM, the fractional area of the
{104} faces was significantly decreased (Figure 7b), resulting in a
spicule-like morphology with increased truncation of the crystal
faces. Higher concentration Pep-23 solutions exhibited much
greater reduction in the formation of the {104} faces than did
lower concentration solutions. This concentration-dependent effect
became much more obvious when these peptoid-modified crystals
were overgrown for another two days (Figure 7). Significant
expression of the {104} faces was still observed in the overgrown
calcite crystals when 51 mM solutions of Pep-23 were used
(Figure 7c), while the overgrown calcite crystals produced with
146 mM solutions of Pep-23 exhibited almost no {104} crystal faces
and formed a spicule-like morphology with sharp edges (Figure 7d).
Because the faces expressed by a crystal reflect the slowest growth
Figure 5 | (a–d) Calcitemorphologies induced by 51 mMpeptoid solutions: (a) Pep-16, (b) Pep-15, (c) Pep-17 and (d) Pep-18. (e) Structures of peptoids
Pep-15, Pep-16, Pep-17 and Pep-18. (f) Reverse phase HPLC data shows the relative peptoid hydrophobicities, where longer retention time indicates
higher hydrophobicity (5–95% CH3CN in H2O at 1 mL/min flow rate; detailed HPLC conditions are provided in the Supporting Information).
Figure 6 | (a–d) Calcite morphologies induced by 51 mM peptoid solutions of: (a) Pep-19, (b) Pep-20, (c) Pep-21 and (d) Pep-22. (e) Structures of
peptoids Pep-19, Pep-20, Pep-21 and Pep-22.
www.nature.com/scientificreports
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directions, reduced expression of the {104} faces can be interpreted in
terms of selective peptoid adsorption that favors the expression of
new faces. When peptoid concentration is increased, peptoids
exhibits a higher adsorption, thus inducing greater inhibition in
the expression of the {104} faces. This same concentration-
dependent behavior was also observed with other peptoids (Figure
S7).
Peptoid competition assays for further investigations of hydro-
phobic and electrostatic interactions. To further understand
peptoid-controlled calcite morphology and explain the interactions
between peptoids and crystal surface, the effects of combining two
different peptoids with 151 molar ratios were observed. As shown in
Figure 8a, twisted triangle prisms were formed when a mixture of
51 mM Pep-8 and 51 mM Pep-15 was used. These crystals exhibited
almost the samemorphologies as those grown in the presence of Pep-
8 alone (Figures 3C, S2c, S3e, S5c, and S7d). Both Pep-8 and Pep-15
contain the same monomers, NClpe and Nce; the only difference is
that Pep-8 has four additional Nce groups. Therefore, these results
are consistent with our conclusion that, when the hydrophobic block
is unchanged, the magnitude of the electrostatic interaction, as
controlled by number of carboxyl groups, determines the influence
on crystal morphology.
When a mixture of a 51 mM solution of Pep-15 and a 51 mM
solution of Pep-21 was used, the calcite crystals exhibited spherulitic
shapes (Figure 8b), similar to those formed in presence of only
Figure 7 | (a–d) Morphology of calcite crystals grown in the presence of peptoid solutions of: (a) 51 mM Pep-23, (b) 146 mM Pep-23, (c, d) Overgrown
calcite crystals induced by (c) 51 mM solutions of Pep-23 and (d) 146 mM solutions of Pep-23. Some calcite {104}, (110) and (01l) faces are
labeled in white.
Figure 8 | (a–f) Calcite morphologies obtained in the presence of peptoids or peptoid mixtures: (a) a mixture of 51 mMPep-8 and 51 mM Pep-15, (b) a
mixture of 51 mM Pep-15 and 51 mMPep-21, (c) only 51 mM Pep-21, (d) a mixture of 51 mMPep-8 and 51 mM Pep-21, (e) a mixture of 51 mM Pep-8
and 51 mM Pep-24 and (f) only 51 mM Pep-24. Inserts are magnified calcite crystals. (g) Reverse phase HPLC data to show the relative peptoid
hydrophobicities, where longer retention time indicates higher hydrophobicity (5–95%CH3CN inH2O at 1 mL/min flow rate; detailedHPLC conditions
are provided in the Supporting Information). (h) Structures of peptoids Pep-8, Pep-15, Pep-21 and Pep-24.
www.nature.com/scientificreports
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51 mM solutions of Pep-21 alone (Figure 8c). Both Pep-15 and Pep-
21 contain eight Nce and four NXpe groups; the only difference is in
the identity of the substituent X, which renders Pep-21more hydro-
phobic than Pep-15 (Figure 8g). Therefore, these results are consist-
ent with our conclusion that for the same number of carboxyl groups,
the degree of hydrophobicity largely determines calcite morphology.
Similar results were obtainedwhenmixtures of either Pep-8 and Pep-
21 or Pep-8 and Pep-24 were used (Figure 8).
Peptoid-promoted calcite growth.To determine whether the extent
to which a peptoid reduces {104} face formation at 51 mM peptoid
concentration can be used as a straightforward method for screening
peptoids to identify those that accelerate {104} face step growth at
lower peptoid concentration, in situ atomic force microscopy (AFM)
was used to measure step speeds on {104} faces as a function of
peptoid concentration.
The influence of hydrophobic and electrostatic interactions on
promoting calcite growth rate. Calcite {104} step speeds without
(v0) and with (v) peptoids at different peptoid concentrations were
measured at a CaCO3 supersaturation of 0.14 (supersaturation is
defined in the Supporting Information). As shown in Figure 9,
Pep-14 enhanced calcite growth rates by ,23-fold at 50-nM levels,
while achieving maximum growth acceleration with Pep-9 required
,1000 nM. Pep-9 and Pep-14 both have four hydrophobic groups
(Npe) in the N-terminal, but they have different numbers of
carboxylic acid groups (Nce). Because Pep-9 has four more Nce
groups than does Pep-14, Pep-9 exhibits greater electrostatic
interactions with the crystal. Similar results were observed for
solutions containing Pep-15 and Pep-8, respectively (Figure S8).
Pep-8, which has four additional carboxylic acidic groups, was
much less effective than Pep-15 for achieving acceleration and the
peptoid concentration at maximum acceleration shifted from
,100 nM for Pep-15 to ,250 nM for Pep-8. These results
indicate that peptoids become less effective in accelerating calcite
{104} step growth if the electrostatic interactions become too strong.
To investigate how different substituents (X) in hydrophobic
groups influence growth acceleration, a series of 12-mer peptoids
with similar diblock-like structures but varied hydrophobicities were
used (Figure 10). Pep-15 (X 5 4-chloro) gave maximum accelera-
tions of ,10-fold and 17-fold at 100 nM, while Pep-24 (X 5
4-bromo) achieved only ,3.3-fold and 3.9-fold accelerations at a
concentration of 500 nM. Pep-14, Pep-15 and Pep-24 all have eight
Nce groups, but have different substituents (X) in the four hydro-
phobic groups (NXpe). Pep-24 is the most hydrophobic, while Pep-
14 (X 5 4-hydrogen) is the least. These results indicate that, as with
the electrostatic interactions, peptoids become less effective at accel-
erating calcite {104} step growth if the hydrophobic interactions
become too strong.
The importance of hydrophobicity in designing peptoids as pro-
moters was further demonstrated by using Pep-25 and Pep-26 as a
hydrophilic control and a hydrophobic control, respectively. As
shown in Figure 10b, when peptoids are located in the correct hydro-
phobic region, such as Pep-27 and Pep-14, they are better candidates
as accelerators that efficiently promote calcite crystal growth. The
more hydrophilic Pep-25 and the more hydrophobic Pep-26 both
exhibit much less effectiveness at accelerating step speeds
(Figure 10). These results further prove that a correct balance of
hydrophobicity and hydrophilicity, giving a moderate peptoid-
calcite surface interaction, is a critical feature of peptoids that serve
as accelerators of calcite crystal growth.
Interestingly, when two peptoid monomers were changed from
diblock-like structures to an alternating pattern, the resulting pep-
toids exhibited a dramatic difference in enhancement of calcite {104}
step growth. Although Pep-28 (Figure 1g) has the same number of
each of twomonomers as Pep-14, Pep-28 exhibits a moderate hydro-
phobicity slightly higher than Pep-14 but lower than Pep-15, Pep-28
showed almost no acceleration13 (Figure 10).
Because both hydrophobic and electrostatic interactions exert
important influences on both morphology and {104} growth rate,
we reasoned that observing the extent to which a peptoid alters the
morphology by reducing the formation of the calcite {104} faces
might provide a simple means for screening peptoids as growth
promoters. Indeed, although 51 mM solutions of Pep-14, Pep-15
and Pep-24 all reduced the formation of these faces, Pep-24, the least
effective peptoid at accelerating step speeds, exhibited the greatest
reduction in formation of the {104} faces (Figures 8f and S9). Similar
correlations were found by comparing calcite morphologic and kin-
etic controls produced by peptoids Pep-9 and Pep-14, or Pep-8 and
Pep-15 (Figures 3, 9, S5, S8, and S9). These results indicate that
though the ability to reduce formation of the {104} faces is an import-
ant feature of peptoids that promote calcite growth, peptoids like
Pep-14 exhibiting amoderate degree of reduction at 51 mMare better
candidates for promoters of calcite growth at lower concentration.
Peptoid-calcite binding affinities. To better understand peptoid-
induced acceleration, Pep-14 and Pep-2813 were used for quantifying
peptoid-calcite binding. AFM-based dynamic force spectroscopy
provides a quantitative probe of interactions between a single
molecule and mineral surfaces by measuring the forces it takes to
rupture the molecules-surface bond26. To this end, we functionalized
the tips of AFM cantilevers with either Pep-14 or Pep-28 using a
similarmethod described previously27. Themodified AFMprobe tips
were then brought in contact with a calcite {104} surface in a solution
at equilibrium with calcite. A set of force-distance curves was
acquired for each peptoid at retraction velocities in the range of
200–10000 nm/s. The mean rupture forces were then plotted
versus the loading (i.e., tip retraction) rate (Figure 11).
The fit of these data (Figure 11a) using the multi-bond model28
gave a single-molecule binding free energy for Pep-28 of DGba 5
24.60 6 0.07 KBT. Similarly, fitting data of Pep-14 (Figure 11b)
yields a single-molecule binding free energy of DGba 5 22.81 6
0.21 KBT. These results demonstrate that Pep-28 exhibits stronger
binding to the {104} surface than does Pep-14. Given the similarity in
structure and size, these differences should correspond to relative
lifetimes of adsorption of exp(4.622.8)5 6.0. At low concentrations,
where coverage is proportional to concentration, this difference also
corresponds to a Pep-28 coverage that is greater than that of Pep-14
by the same factor. We further performed AFM-based friction force
Figure 9 | Measured enhancement of calcite {104} step speeds as a
function of log Pep-9 or Pep-14 concentration as determined by in situ
AFM. Normalized propagation rates are shown as the ratio of step
velocities in the presence (v) and absence (v0) of peptoids.
www.nature.com/scientificreports
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studies using similarly peptoid-modified AFM probes. The average
friction force for Pep-28 interacting with {104} steps was 31.4 pN,
while Pep-14 functionalized AFM tip exhibited a 16.7 pN friction
force while interacting with {104} steps (Figure S7), again suggesting
a relative lifetime and coverage that favors Pep-28 binding to the
steps. These results indicate that Pep-28 exhibits stronger binding
affinity, longer adsorption lifetime, and greater coverage than Pep-14
does to both the {104} face and steps.
Proposed mechanism of peptoid-promoted calcite growth:
Disruption of the surface-adsorbed water layers. Our results
show that a moderate degree of peptoid-surface interaction is a
critical feature of peptoids that promote calcite growth. However,
when peptoid-surface interactions become too strong, peptoids are
less effective promoters. A number of simulations predict that
displacing surface-adsorbed ordered water layers from calcite
surfaces is the most energetically costly step in the addition of
solute ions to the crystal29,30. Other simulations show that
electrostatic interactions between carboxylate groups of acidic
peptides and Ca21ions in the calcite lattice lead to strong binding
affinity to calcite surfaces and steps, providing an explanation for the
reported inhibition of calcite growth by such peptides31,32. When
combined with the observations reported above, these predictions
suggest a mechanistic picture of peptoid-induced morphological
control and growth acceleration.
First, the morphological, kinetic, and force spectroscopy results
presented above indicate that the carboxylate groups on peptoids
behave like those on acidic peptides; they bind the peptoids to the
crystal surface and steps. Second, moderate hydrophobicity, when
created through a di-block arrangement, leads to significant growth
acceleration. Thus, as illustrated in Figure 12, we hypothesize that the
polar groups serve as the ‘‘glue’’ to bring the hydrophobic groups to
the proximity of the surface, where they act to disrupt the adsorbed
water layer. The di-block structure is critical, because it allows the
carboxylate groups to bind while leaving the hydrophobic block free
to disrupt the water layer. Moreover, taking the case of Pep-14 and
Pep-28 as specific examples, we suggest that the moderate binding
free energy (22.8 KBT) between Pep-14 and the {104} face suggests
that Pep-14 reversibly interacts with the calcite surface on a time
scale that is rapid enough to allow solute ions to freely attach, but
still maintains sufficient coverage to disrupt the water layer and
effectively accelerate calcite step growth. In contrast, the stronger
binding energy of Pep-28 (24.6 KBT) combined with its alternating
Npe-Nce structure implies that the rate of unbinding is much less
Figure 10 | (a) Measured enhancement of calcite {104} step speeds as a function of log peptoid concentration. Normalized propagation rates are
shown as the ratio of step velocities in the presence (v) and absence (v0) of peptoids. (b) Reverse phase HPLC data to show the relative peptoid
hydrophobicities, where longer retention time indicates higher hydrophobicity. Peptoids that efficiently promote calcite crystal growth have retention
times of 14–15 min (47%–50% CH3CN in H2O at 1.0 mL/min flow rate).
Figure 11 | Themean rupture force between peptoids and calcite {104} faces at different loading rates. Fitting these data yields a single-molecule binding
free energy. (a) Pep-28 and (b) Pep-14.
www.nature.com/scientificreports
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and the hydrophobic groups are held close to the surface, reducing
their ability to disrupt the adsorbed water layer and interfering with
solute attachment.
For diblock-like peptoids [(NXpe)4(Nce)n], a change of the num-
ber of carboxyl groups (n) or the substituent (X) in hydrophobic
groups is expected to cause changes in both peptoid-surface interac-
tions and levels of water-layer disruption. For example, by increasing
the number of carboxylic acid groups from eight to twelve, Pep-9
exhibits greater electrostatic interactions with calcite surface than
does Pep-14, resulting in stronger binding to {104} faces and steps.
Thus Pep-9 exhibits a longer adsorption lifetime and greater cov-
erage than does Pep-14 on both the {104} faces and steps; the rate of
unbinding is much less and the hydrophobic groups (Npe)4 are
closer to the surface. Thus Pep-9 is less effective at disrupting of
the adsorbed water layer and more likely to interfere with solute
attachment, leading to poor performance in promoting growth
(Figure 9).
Finally, when the hydrophobicity of a diblock-like peptoid
becomes too large due to a change in speciation or increase in the
number of the substituents (X), the hydrophobic repulsion with the
water is expected to become so great that the hydrophobic block is
driven to adsorb to the crystal surface, increasing the peptoid-calcite
dissociation constant (Kd) due to the hydrophobic effect33. This
reduces its ability to disrupt the adsorbed water layer and increases
the likelihood it interferes with solute attachment.
Conclusions
In summary, we have shown that a rational design of peptoids with
controllable balance of electrostatic and hydrophobic interactions
enabled us to tune both the morphology and growth rate of calcite
(Table 1). We found that peptoids becamemore effective at reducing
expression of the {104} faces when a) the number of carboxyl groups
was increased, b) peptoid hydrophobicity was increased by intro-
ducing more hydrophobic substituents or c) peptoid concentration
was increased. Moreover, while the balance between hydrophobic
and electrostatic interactions was important, hydrophobicity played
the dominant role. Studies of peptoid-modified calcite {104} step
speeds showed that the degree to which peptoids reduce formation
of the {104} faces at higher peptoid concentration can be used as a
straightforward method to screen for peptoids that promote growth
at lower peptoid concentration. A level of hydrophobicity that leads
tomoderate peptoid-calcite surface interactions is a critical feature of
peptoids that accelerate calcite growth. The results imply disruption
of surface-adsorbed ordered water layers presents the most likely
mechanism of peptoid-promoted calcite growth.
Given that peptoids are sequence-specific and highly stable, and
subtle changes in the electrostatic-hydrophobic balance or the pat-
tern of peptoid monomers results in a dramatic changes in calcite
morphology and growth rate acceleration, we conclude that rational
design of peptoids offers a viable approach to mimicking natural
proteins that control crystal nucleation and growth. Because the
number of primary amines available for building peptoid side chains
far exceeds the number of natural amino acids, the ‘‘toolkit’’ for
designing peptoids that are effective at controlling crystallization is
expected to be broader than that available through synthetic proteins.
Moreover, because all biominerals and many important synthetic
crystals are grown from aqueous solutions, peptoids may also pro-
vide highly stable promoters of crystallization for a broad range of
biomedical and industrial applications.
Full methods and any associated characterization methods are
available in the Supplementary Information.
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